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Flywheel Uninterruptible Power Source 



This invention pertains to a flywheel uninterruptible power source and more 
particularly to a flywheel energy charging system that provides increased life, reliability and 
5 eflBciency over previous designs. The charging system also includes a safety mechanism that 
prevents operation of the flywheel when the vacuum surrounding the flywheel is degraded. 

Background of the Invention 



10 electrochemical batteries for prevention of power interruptions to critical loads. 
Q Electrochemical batteries used in these applications, in particular, valve regulated lead acid 
batteries, have many undesirable traits. The life of batteries is short, typically between 1 to 7 
years depending on the environment and use. They require periodic maintenance and 
i[i inspection, are subject to thermal degradation and can fail unpredictably. Lead acid batteries 
: [Is and other types as well are also environmentally noxious. However, lead acid batteries are 

relatively inexpensive. Flywheel systems show promise to eliminate the disadvantages of 
ij i batteries with the expectation of achieving 20 year lives with minimal or no maintenance, 
\2 temperature insensitivity, previously unachievable reliability while being environmentally 
; benign. 

20 A flywheel uninterruptible power source is shown in Fig. 1. The power source 10 

includes a high-speed flywheel 12, in which energy is stored in the form of rotating inertia. 
Flywheels can be either constructed of metal or of composite materials. The flywheel is 
supported for rotation using upper and lower bearings 14 and 15. The flywheel can be 
supported on mechanical bearings, magnetic bearings or a combination. An attached 

25 motor/generator 16 is used to accelerate and decelerate the flywheel 12 for storing or 
retrieving energy. Many designs of motor/generators exist and can be employed. 
Motor/generators can also be made as separate components. To reduce the losses firom 
aerodynamic drag, the interior 13 of the housing 1 1 surrounding the flywheel 12 is maintained 
at a low pressure, or for slower flywheels it can be filled with a gas of small molecule size such 

30 as helium. The flywheel uninterruptible power supply 10 includes electrical connection for 



Flywheel uninterruptible power supplies have emerged as an alternative to 





operation and conversion of power. Utility power 21 is input to the input conversion 20 and 
power is supplied to a critical load 19 through output conversion 18. A system control 17 
provides control for the system 10. The system control 17 controls the operation of the 
flywheel 12 by limiting currents 22, controlling speed 23 and also by monitoring parameters 
5 through diagnostics 24. 

Regardless of the physical design employed, the operating life of the power source and 
its components is preferably maximized in order to offset the higher initial cost of the flywheel 
system over batteries by actually becoming cheaper when considered over the life of the power 
source. One element of flywheel uninterruptible power supplies that deserves particular 
10 attention is the power system electronics. Designing electronics for an operating life that is 
''^ preferably greater than 10-20 years without failures is challenging. 

A power system configuration of previous flywheel uninterruptible power supplies is 
' J shown in Fig. 2. The power system 30 takes in utility power 3 1 and supplies protected direct 
' J current power at the output 32. For many telecommunications systems such as telephone and 
^is Avireless, the output voltage 32 required is -48 vohs or 24 volts. For other applications, such 
n as high power ride-through for data centers or critical manufacturing, the input and output 

voltages are higher. The input voltage 3 1 is rectified to a DC bus 34 using a rectifier 33 which 
can be either controlled or uncontrolled. The DC bus 34 suppUes power to a PWM (pulse 
i-^ width modulated) inverter 36 also known as a servo amplifier. The servo amplifier 36 converts 
20 the DC current in the bus 34 to synchronous alternating current 37 that provides power to the 
flywheel motor/generator to accelerate the flywheel to normal operating speed. When the 
utility power is operating normally, the DC voltage in the bus 34 is converted to the output 
voltage 32 using a DC-DC converter 35. 

During an interruption in the utility power 31, energy from the rotating flywheel 
25 supplies power to the output 32 by providing power to the DC bus. The inverter 36 provides 
power to the DC bus instantly and automatically when the utility power is discontinued 
typically by the antiparallel diodes included with the H-bridge, not shown, inside the inverter 
36 or through use of a paralleled separate rectifier, not shown. Power automatically flows 
back and is rectified to the DC bus whenever the generator vohage is greater than the DC bus 





34. As the flywheel speed slows, the voltage to the DC bus drops. The output DC-DC 
converter 35 maintains the constant output voltage 32 during discharging of the flywheel. 

The charging of the flywheel uninterruptible power source 30 is regulated through use 
of the PWM inverter 36. The PWM inverter uses high fi*equency (--20 kHz) switching that 
5 chops the DC bus voltage 34 into varying width pulses that are combined to provide 
regulation that results in current control and speed control for the flywheel. The high 
fi-equency sv^tching yields in several trillion cycles on the semiconductor switches in the 
inverter over a 20 year system life. The high number of sv^tching cycles of the direct current 
stresses the inverter and could potentially result premature failures of the flywheel power 
10 source. The diagnostics of the flywheel system can also potentially have components with 
G operating lives of concern. This is especially true if vacuum monitoring gauges are used, 
rfi Vacuum gauges such as ion and thermocouple gauges are unlikely to last for the life of the 
power system and also are expensive 

ms Summary of the Invention 

The invention is a flywheel uninterruptible power source having a charging system that 
provides increased life and reliability compared to previous systems. The charging system 
works by replacing the current regulation and/or speed control normally accomplished by a 
'\Z high fi-equency pulse width modulated inverter with a very low firequency, line commutated 

20 converter that regulates by switching the alternating current fi-om the utility power. Pulse 
width modulation inverters or motor drives for high speed motors have typically 3 phase 
designs that invert a DC input voltage fi*om the supply bus to a high fi*equency synchronous 
alternating current that drives the motor. In most applications, the voltage of the DC bus is 
fixed because it is typically the output of a fixed DC power supply. 

25 The speed control and current control for the motor are achieved by using high 

fi-equency (^20 kHz) pulse width modulation inside the motor drive. The very high fi-equency 
is required so that the speed of the motor can be held nearly constant and fi-ee of pulsations. In 
contrast, the invention takes into account the very unusual application of flywheel systems. An 
energy storage flywheel is a unique application for a high-speed motor. The high-speed motor 

30 is coupled to a very large rotational inertia for the sole purpose of storing energy. Such 
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flywheels can take 8 hours or more to accelerate from stopped to 30,000 rpm. Because of the 
large inertia coupled to the high-speed motor, speed fluxuations and pulsations are not an 
issue. Regardless of any torque pulsations, the only goal is to store energy in the rotating 
flywheel and if the energy is added in pulses, it makes no difference because the energy is being 
5 added. Therefore, the disclosed invention makes use of the uniquely stable rotational speed of 
energy storage flywheels by reducing the speed regulation frequency to conventional line 
current frequencies, frequencies under 200 Hz and 60 Hz in particular. 

By reducing the switching frequency, the switching losses are reduced and the life and 
reliability of the switches are greatly extended. The switching losses are linearly proportional 
10 to the switching frequency. The drawback of the lower frequency switching is increased size 
u of the inductor and capacitor filter components, however the increased life is more important 
m for flywheel systems. The larger filter components can also be included inside the already large 

and heavy flywheel unit. The placement of the motor power regulation switching is moved 
^lI fi-om the motor drive preferably to the input AC line current that provides power to charge the 
r[ri5 flywheel system. The switching is preferably done using natural commutation so that the 
'L devices are turned off when the current passes through zero for very low loss and device 
Cn stresses. Preferable devices for switching include thyristors or triacs. The turn on switching 
i,^^ can be accomplished using phase angle firing or in one embodiment zero cross over switching 
'-'^ is employed to reduce harmonic distortion and radio frequency interference to the primary 
20 source. 

In another embodiment, the direct current vohage that is supplied to the inverter 
controlling the motor is increased by 1.5 times or more than if the primary source voltage was 
directly rectified. The advantage of increasing the voltage sent to the inverter is that the 
resistive losses in the motor/generator and other components can be reduced, the wire size and 

25 vacuum wire feedthrough sizes can be reduced and depending of the output conversion 

method, more energy can be extracted from the flywheel by allowing it to be discharged over a 
greater range of speed. The voltage can be simply increased by a use of a voltage multiplier 
rectifier and a version of voltage doubling rectifier can also allow for dual voltage installation. 
Alternatively, the voltage can be increased using a step up transformer, which has the benefit of 

30 providing isolation for the flywheel system. 
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In yet another embodiment, the charging system of the flywheel uninterruptible power 
source prevents acceleration of the flywheel if the drag is determined to be above a certain 
level. This is an important safety feature in preventing the flywheel from overheating. Drag 
can be caused by the bearing system, inadequate vacuum level or other sources. The charging 
5 system can measure the drag on the flywheel through the acceleration at a given speed and 
charging current. The threshold level of drag that signals to prevent accelerations can increase 
as the speed increases. By this method, the rotating flywheel can detect the level of vacuum 
and importantly can detect if the vacuum level is insufficient prior to acceleration to high 
speeds. This is particularly important for composite flywheels which can easily over heat and 
10 fail with a poor vacuum due to the high speed and low thermal capability and conductivity, 
il Alternatively, the flywheel drag can be found by the level of current required to maintain a 
;;Jj certain speed. The advantage of determining drag fi-om the flywheel's performance is that 
conventional vacuum gauges can be eliminated and the life of the system greatly increased. 
.] Vacuum gauges such as thermocouple and ion gauges are expensive and not robust. The 
:'l5 invention is applicable for use in types of flywheel systems including long term and short term, 
high power and low power flywheel uninterruptible power sources. 

■-j Description of the Drawings 



source, prior art. 

Fig. 3 is a schematic diagram of a flywheel energy charging system in accordance with 
this invention. 

Fig, 4 is a schematic diagram of an alternate flywheel energy charging system in 
25 accordance with this invention. 

Fig. 5 is a schematic diagram of a second alternate flywheel energy charging system in 
accordance with this invention. 

Fig. 6 is a process flow diagram of a process of charging a flywheel uninterruptible 
power source using phase angle firing in accordance with the invention. 



Fig. 1 is a schematic elevation of a flywheel uninterruptible power source. 

Fig. 2 is a schematic diagram of a power system for a flywheel uninterruptible power 





Fig. 7 is a process flow diagram of a process of charging a flywheel uninterruptible 
power source using zero voltage switching in accordance with the invention. 

Description of the Preferred Embodiment 
5 Turning to the drawings, wherein like reference numerals designate identical or 

corresponding parts, Fig. 3 shows a charging system 40 for a flywheel uninterruptible power 
source shown generically in Fig. 1 . The charging system 40 inputs power from a primary 
source 41 such as utility power and use it to accelerate the flywheel motor/generator 42. 
When the utility power is operative, the input power 41 is regulated and converted to the DC 
10 bus 44, which powers an inverter 49 for driving the motor 42. During an interruption of 
''i primary power 41, the generator 42 supplies power to a critical load, not shown, using a 
W discharging circuit, also not shown, either connected to the DC bus 44 or from the generator 
W itself. In accordance with the invention, the regulation of the power to the motor 42 occurs 
;1 using line frequency switching prior to the DC bus 44. Although many types of flywheels exist 
=45 and could be used with the invention, flywheels constructed of steel show a high level of 
Q promise for storing energy at low cost and are preferred. Steel flywheels offer more well 
established manufacturing and processes and they outgass much less inside the vacuum 
container of flywheel uninterruptible power supplies. A brushless permanent magnet 
motor/generator is preferably used for the highest efficiency although other less efficient types 
20 such as reluctance or induction motors could be used. A separate motor and generator could 
also be used but this less preferable due to added cost and complexity. In order to reduce the 
number of electrical connections in the flywheel system and the number of electrical 
feedthroughs into the vacuum, the inverter is preferably sensorless in that synchronization with 
the motor is achieved without the use of added position sensors, 
25 The charging system 40 works by switching the input power 41 to provide regulation 

for current control and or speed control to the motor 42. Unlike previous high speed motor 
drives that use high frequency pulse width modulation, the charging system 40 switches at 
twice the frequency of the input power 41 (typically 60 Hz) or less, thereby resulting in 
drastically reduced switching cycles over the life of the flywheel power source. In the 
30 configuration shown, the input power 41 is regulated by the switching of a triac 46 and the 
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output is fed into a full bridge rectifier 43 that converts the AC pulses into DC pulses. The DC 
pulses at the DC bus 44 are smoothed and fihered using a capacitor 45 and inductor 47. 
Inductors 47 and 48 serve to improve the power factor and to reduce harmonics reflected back 
into the utility power 41 . Other filtering power factor correction circuit configurations are well 
5 known in the art and could also be used. The charging system shown uses single phase AC 
input power, however it can also be implemented with three phase power by expanding the 
number components. The power fi-om the DC bus 44 is used to accelerate the flywheel motor 
42 through use of a synchronized inverter 49. A standard design of inverter is shown with an 
H-bridge configuration. The inverter 49 is comprised of 6 switch devices 50 that are switched 
10 to provide three phase power 52 to the motor 42. The switching devices can be of various 
''Z types of transistors however IGBTs are commonly used because of their characteristics. The 
^ IGBT's 50 produce synchronous AC with the motor 42 by using firing circuitry, not shown. 
Si that determines the rotational position of the motor. The rotational position can be found 
through use of sensors such as optical or magnetic or by using the induced vohages in the 
Sis motor coils 53 themselves. When the power is switched off to a given coil 53, the inductive 
energy is prevented fi*om excessively stressing the inverter switches 50 through the use of 
antiparallel diodes 5 1 , The diodes also provide a path for the generator voltage back to be 
rectified back the DC bus 44 whenever the generator voltage is greater than the DC bus 
u voltage 44, such as during a loss of utility power 41. A separate rectifier, not shown, could 
20 also be connected between the generator 42 and the DC bus 44 for this function. If a magnetic 
bearing system is employed for support of the flywheel, the magnetic bearing control is thus 
preferably powered fi-om connection to the DC bus. A wide input range DC-DC converter, 
not shown, is used to provide constant power to the control over the entire operating speed 
range of the flywheel. 

25 The switching regulation occurring at the very low fi-equency has the disadvantage of 

requiring much larger filtering inductors and capacitors to achieve smooth DC power. The 
goal of most modem motor control and power conversion has been increasing the switching 
fi-equency to reduce component size and potentially cost. The flywheel power source is 
however a unique application. The system is expected to operate continuously for a very long 

30 period of time and with preferably no failures or maintenance. Operation of the power 





conversion electronics at low frequency is preferably done to reduce the number of cycles on 
the switching devices. The switching of the devices is also preferably done in a way with 
reduced stress. The charging circuit takes advantage of the alternating current nature of the 
charging power source and switching is done by natural commutation such that the switches 
5 are turned off at the point of zero current. Thus no stored inductance energy is discharged 
across the devices, further extending the life. The flywheel uninterruptible power source is 
also a very unique application for high speed motors. The motor is attached to an extremely 
large inertia. The acceleration of the flywheel to full speed can take as long as 8 hours or 
more. Normally switching regulation of high speed motors is purposely done at high frequency 
^ JO to prevent speed fluctuations or pulsations of torque. Because of the large inertia of the 

flywheel, speed fluctuations are not an issue. Likewise, any pulsations of torque are not of 
m concern. The flywheel is used for storing energy and if energy is added in pulses, it makes no 
:! difference. Therefore, obtaining a perfectly smooth DC vohage provided to the DC bus is not 
'^1 needed. This reduces the requirements for the filter inductance and capacitance. The lower 
J 15 switching frequency also reduces the switching power loss of the charging system. 
|::f An alternate configuration of charging system is shown in Fig. 4. The charging system 

riJ 60 inputs an alternating current power 61 and accelerates the flywheel motor 62. The input 
i;:! power is switched and rectified using a controlled rectifier 63 that outputs DC power to the 
DC bus 64. A filter capacitor 65 and inductor 67 smooth the DC voltage 64. Inductors 67 
20 and 68 reduce harmonic distortion and increase the power factor. The controlled bridge 
rectifier 63 replaces diodes of the previous charging system with thyristors. The thyristors 
provide both the switching and rectification. They are also naturally commutated meaning that 
they turn off automatically when the current through each is essentially zero. This results in 
reduced stress, increased life and higher efficiency. The DC bus 64 is connected to the motor 
25 inverter 69 that generates three phase AC power 72 to operate the motor 62. The inverter 
consists of multiple switches 70 that are switched in pairs to provide power to the motor coils 
73. Antiparallel diodes 71 prevent damage to the switches 70 from stored inductive energy 
and they allow return of the generator power 72 back to the DC bus 64. 

A second alternate configuration of charging system for a flywheel uninterruptible 
30 power source is shown in Fig. 5, The charging system 80 inputs alternating current power 81 
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as before from utility power or an auxiliary generator source and accelerates the flywheel 
motor 82. The AC power is switched and rectified through the use of a controlled bridge 
rectifier 83 that outputs DC power to the DC bus 84. In this configuration, the voltage is 
increased through the use of a voltage muHiplier rectifier design. The rectifier 83 doubles the 
5 voltage supplied to the DC bus 84 by using two capacitors 85 and 86 that are charged 

separately by a center connection to the primary AC voltage 81 . The advantage of increasing 
the voltage to the DC bus is that the motor/generator and other components can be operated a 
lower current. Resistive heating losses can be reduced as well as the wire size requirement and 
the size of the electrical feedthroughs connecting into the vacuum. A fiirther benefit of 
10 operating at a bus vokage preferably 50% or more higher than would be achieved from direct 
Q rectification is that the flywheel system can potentially provide more energy. Depending on the 
output conversion method and connection employed, the higher bus voltage can allow for 
more energy to be extracted from the flywheel by discharging over a wider speed range. A 
step up transformer, not shown, could also be used for this function with the added benefit of 
fd5 providing isolation. The voltage doubler rectifier configuration also can be used for increased 
:L versatility by providing for dual voltage installation. In this case, a switch 89 is opened when 
Cm the primary voltage is a low voltage source and closed when the flywheel system is connected 
Ul to a high voltage source. The capacitors 87 and 88 also provide smoothing of the DC bus 84 
and inductors 87 and 91 reduce current distortion. The DC bus 84 is connected to the motor 
20 inverter 92 that generates three phase AC power 95 to operate the motor 82. The inverter 
uses of multiple sv^tches 93 that are switched in pairs to provide power to the motor coils 96. 
Antiparallel diodes 94 prevent damage to the switches 93 from stored inductive energy and 
they allow return of the generator power 95 back to the DC bus 84. Other inverter 
configurations could also be used with the invention as well as motor drive circuits that sv^tch 
25 only single direction current to the coils 96, 

The firing of the triacs or thyristors of the charging system can be conducted multiple 
ways. One way to regulate the output power is to use phase angle firing. The process of input 
power regulation with phase angle firing in accordance with the invention is shown in Fig. 6. 
The process 100 takes the alternating current from the utility 101 and switches 102 at the 
30 power at a delayed phase angle. The phase angle delay is controlled so that more or less of the 
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input sine wave is SAvitched to the load. A smaller delay angle results in more of the sine wave 
power being conducted to the DC bus. The combination of the phase angle pieces 103 can 
include portions from both the positive half cycle and the negative half cycles. These half 
portions are rectified 104 so that they all become positive portions 105. The portions or pulses 
5 of power are then smoothed and filtered 106 to yield a sufficiently smoothed DC bus voltage 
107. 

Phase angle firing can achieve a smooth output with less filtering, however the 
thyristors are forced to turn on at a non-zero voltage and hence have some losses and stresses. 
Phase angle firing can also cause generation electromagnetic interference and some harmonic 
10 distortion in the utility power. An alternate switching method that can be used is zero 

crossover vohage firing. A process of power conversion of the primary power showing with 
^ zero voltage switching in accordance with the invention is shown m Fig. 7. Zero crossover 
voltage firing 1 10 takes the input source alternating current 1 1 1 and switches 1 12 it to the 
%i output in half or fijll sine wave portions. The half sine wave portions 1 13 are the result of the 

b switchmg on of the thyristors or triac only when the AC vohage passes through zero. The 
Q switching loss is reduced along with the harmonic distortion reflected back into the utility 
power source and any radio frequency interference generation. To regulate the power, not 
every half wave 1 14 is switched to the DC bus. Therefore, when the pulses 1 13 are rectified 
1-^ and combined 1 14, the result is a larger pulsed voltage waveform with spaced apart half sine 
20 wave portions 1 16. The portions are filtered 1 17 to provide a sufficiently smoothed DC bus 
voltage 118. 

Another embodiment of the charging system invention is the use of diagnostic in the 
flywheel control that monitors the drag on the flywheel and prevents acceleration if the drag 
becomes too high. The flywheel uninterruptible power source control can measure the drag 

25 based on the flywheels acceleration at a given speed and charging current. The charging 
system then responds by preventing acceleration of the flywheel if the drag is higher than a 
certain level. The system can also cause the flywheel to be slowed and or an alarm to be 
triggered. The drag can be the result of aerodynamic, bearing or other losses. The value of 
drag above which acceleration is prevented can be either a fixed value or in a fiirther 

30 embodiment, the value is increased with increasing flywheel speed. This allows a lower 





threshold at lower speeds. In the case of aerodynamic drag from an insufficient vacuum, which 
can over heat and fail composite flywheels, the lower drag threshold detects the degraded 
vacuum at a low speed and prevents acceleration to higher speeds. If the flywheel is running at 
full speed or some other constant speed, the drag on the flywheel can be determined by the 
5 current or power required to maintain that speed. The capability of the charging system to 
recognized increased drag is especially important for flywheel systems charged directly from 
AC utility power sources such as with the invention. When the charging is provided from 
utility power, the power available to accelerate the flywheel can be much higher than if it were 
charged from a DC telecommunications rectifier, for example. High level primary source 
10 power allows the potential for a flywheel to be accelerated despite some malfiinction causing 
;j increased drag. 

i^y Obviously, numerous other modifications, combinations and variations of the preferred 

%j embodiments described above are possible and will become apparent to those skilled in the art 
'tri in light of this specification. For example, many functions and advantages are described for the 
Bis preferred embodiments, but in some uses of the invention, not all of these functions and 
n advantages would be needed. Therefore, I contemplate the use of the invention using fewer 

than the complete set of noted fiinctions and advantages. Moreover, several species and 
^ embodiments of the invention are disclosed herein, but not all are specifically claimed, although 
U all are covered by generic claims. Nevertheless, it is my intention that each and every one of 
20 these species and embodiments, and the equivalents thereof, be encompassed and protected 
within the scope of the following claims, and no dedication to the public is intended by virtue 
of the lack of claims specific to any individual species. Accordingly, it is expressly intended 
that all these embodiments, species, modifications and variations, and the equivalents thereof, 
are to be considered within the spirit and scope of the invention as defined in the following 
25 claims, wherein I claim: 



